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Challenges: The multiscale problems

The molecular structures of different components in biomass directly influence the kinetics of biomass pyrolysis. 
The particle porosity, internal structures, shapes, and sizes influence the momentum, heat, and mass transfers between biomass 
particles and fluidization gas. 
The operating conditions of the reactor will influence the mixing and residence time of biomass. 
All these multi-scale influences will lead to different yields and quality of the products, such as bio-oil.

Bridging particle and reactor scales in the simulation of biomass fast pyrolysis by coupling particle resolved 
simulation and coarse grained CFD-DEM. https://doi.org/10.1016/j.ces.2020.115471

https://doi.org/10.1016/j.ces.2020.115471
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Building the Capability: Hybrid gas-sands-biomass interaction model captures the mixing of sands & biomass
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Building the Capability: a detailed biomass pyrolysis kinetics

+CRECK Modeling Group at Politecnico di Milano (creckmodeling.chem.polimi.it/) + P. Debiagi et al., Journal of Analytical and Applied Pyrolysis 134 (2018) 326-335.

Scheme based on 32 reactions, 30 solid species, 29 gas species implemented in MFIX
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Building the Capability: Validation of the kinetics using experiment data from NREL & literature

Good match of products for different types of biomass
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Extending the Capability: MFiX-GluedSpheresimulations resolve biomass shapes

Description

• Biomass particles are irregular shaped

• The shape effects were only partially captured through drag models

• This tool direct resolve irregular biomass shapes

Validate capability using cold flow experiment, 
apply to biomass pyrolysis simulation with 
irregular shapes.

Time averaged solids 
vertical distribution 
across the bed compare 
well with experiment.
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Extending the Capability: 3D intra-particle heat transfer

Cut-Cell 
approximation of 
a non-spherical 
particle

Surface cells turn to glued 
spheres for collision [or directly 
use polyhedrons]

Solving intra-particle heat 
transfer on 3D grids Validate

Sphere biomass, 0.02 m

Cylinder biomass, 0.02 m X 0.1m

For sphere, very long cylinders. The 1-D model 
using sphere layers is more efficient. This 3D 
approach is general to different shapes.
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Extending the Capability: Hundredfold Speedup of MFiX-DEM using GPU Computation

Algorithm of GPU-MFiX data exchange through pipes. 
Multiple small arrow lines on CPU side indicate MPI parallel 

processes.

GPU Solver & MFiX coupled solver Speedup in Simulations of  particle packing 
(up) & Fluidized bed (bottom)

Heat transfer & chemical 
reactions (biomass drying)

➢ DEM solver is ported to GPU
➢ 170 fold speedup with double

precision, 243 fold with single
precision

➢ Re-use CFD, interphase coupling,
and chemical reaction modules in
MFiX
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Delivering the knowledge: Global sensitivity analysis investigating the influence of biomass compositions

Latin hyperube sampling biomass compositions Batch Simulations with MFiX-Nodeworks Build a surrogate model

The explicit equation form of the fitted surrogate model could be used for a quick estimate of the yields without solving stiff 
chemical reaction equations. Another application area for the adequately constructed surrogate models can be optimized such as 
finding the optimal species composition for a given y2:Bio-Gas yield by employing gradient descent-based optimization methods 
where the linear regression based surrogate model is used for cheap evaluations instead of running the MFiX simulation. 
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Delivering the knowledge: Global sensitivity analysis investigating the influence of biomass compositions

Global sensitivity analysis using Sobols’ Total Indices methodology 

y1:Bio-Char y3:Bio-Oil y2:Bio-Gas 

As a conclusion of the sensitivity study, for the given 52 sample simulations, x4:LIGO and x5:LIGC appear to have the most
influence on the quantities of interest. Hence, any effort to reduce the uncertainty associated with these parameters or the
reaction rates associated with these species would improve the accuracy of the modeling results.
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Delivering the knowledge: Size Effects Investigated by CFD

For these small sized particles, the gas-solids convective heat transfer is the dominating mechanism. The hydrodynamics also
indicate a good mix of sands and biomass particles in the bottom dense region of the fluidized bed. In all the tested cases, the
temperatures are uniformly distributed with most of the biomass particles are in the range of 740 to 760 K.
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Delivering the knowledge: Size Effects Investigated by CFD

• In the simulated bubbling fluidized bed pyrolysis

reactor, the density of the biomass particles will

decrease to 10% to 20% of its original value due to the

thermal decomposition.

• These converted biomass particles are then elutriated

from the top of the bubbling fluidized bed by the up

flowing gas.

• The large-sized particles have a larger terminal velocity

than small-sized particles. Thus, their residence time is

larger and will be elutriated from the top when their

density is reduced to a smaller value.

• The larger residence time of biomass leads to larger
conversion and more yield of bio-oil.



13

Delivering the knowledge: Constructing Operation Diagrams of Fluidized Bed 

• For the smallest flow rate (bottom row), the biomass particles cannot be elutriated from 
the fluidized bed if the particle size equals or is larger than 1.4 mm.

• The non-smooth distributions of particles from 0.8 mm to 1.2 mm indicate the fluidized 
bed under these conditions were operated under plug flow conditions which have larger 
fluctuations of both bio-oil and bio-char in the outflow. These fluctuations will cause 
critical influences on the followed processes such as gas-solids separation and hydrogen 
treatments due to the sudden change of loadings. 

• For the highest flow rate (top row), all the fluidized with different tested biomass particles 
were operating smoothly. However, the short residence time may reduce the yield of bio-
oil.
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Conclusion

A multi-scale biomass pyrolysis simulation framework is established.
• Experimental validated hybrid drag model
• Experimental validated kinetics with detailed products
• Particle shaped resolved DEM simulations
• Speedup simulation with GPU & coarse grained DEM
• 3D intra-particle heat transfer

This framework is used to investigate the biomass fast pyrolysis with:
• different sizes, shapes
• operating conditions 
• inorganic compositions
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